Introduction
Due to their very interesting specific mechanical properties, carbon-reinforced epoxy laminates are considered as serious candidates for the replacement of metals, metallic alloys, and cermets for various industrial applications, including the structural parts for the next-generation supersonic aircrafts [1] . The lifetime scheduled for the structural elements of supersonic aircraft approximately corresponds to 20,000 cycles in a range of temperatures varying between -55 and 120°C, with a total length of the plateau of 80,000 h (20 years) at 120°C [2] . Such high temperatures over long periods of time cause thermal aging of the constitutive resin of composite structural elements. Before 1990, few studies have been conducted on the thermal aging of organic-matrix composites reinforced with carbon fibers. Before this date, the use of these materials had been limited to rather low temperatures, between -50 and +70°C, which correspond to the thermal loads experienced in service by structural parts of, for example, subsonic aircraft and helicopters. Nevertheless, some important pioneering work had been performed [3] [4] [5] . Recently, the problem arose when such organic-matrix composites were considered for use under severe thermal envi- ronmental conditions (at temperatures of about 250°C and air pressure higher than 1 atm) [6, 7] . It is now well established that, when exposed to high temperatures in air, organic-matrix composites perish by thermal oxidation of the matrix, which leads to shrinkage of the skin layer of laminates, the appearance of high local stresses, and matrix cracking [3, [8] [9] [10] . The key feature of this aging process is the fact that the degradation is nonuniform in the material thickness, because the oxidation is diffusion-controlled. In the last 20 years, many attempts have been made to model these degradation gradients and thus to obtain a realistic description of thermal aging of the organic matrix. Some authors have contributed to this research by deriving a kinetic model coupling the oxygen reaction and diffusion from a radical chain oxidation mechanism [11] . For every instant of time t, the model predicts various physicochemical characteristics, e.g., the weight and density, of every elementary layer located at a depth x beneath the sample surface [11] . The knowledge of both the quantities enables one to determine the matrix volume change (oxidation-induced "hindered" shrinkage of thick parts), which is thought to generate the stress state responsible for cracking of the external plies [12] of a composite structure. But this volume change can be predicted only if the local mechanical properties of the structure are known. More recently, it was shown that a second important consequence of thermal aging in epoxy networks is a decrease in the glass-transition temperature (T g ), which is linked to chain scission, and an increase in the glassy modulus at ambient temperature, which is attributed to the effect of internal antiplasticization [13] . Nonempirical relationships linking the local structural state of epoxy network to the resulting glassy modulus are still under development [13] . Fortunately, empirical relationships have been proposed [14, 15] , and they will be considered here as a first approach.
The purpose of this study is to perform a multiscale analysis of consequences of the thermal oxidation and shrinkage of epoxy matrices on the intrinsic mechanical properties of the external composite ply and on the internal mechanical states of the composite under mechanical loads.
Effective Properties of a Thermo-Oxidized Composite Ply

Oxidation model and results.
Various models for numerically computing the oxidation process in pure epoxies or epoxy matrix composites have been proposed in the literature [15, 16] . Simulations of the isothermal aging of an epoxy resin at 150°C for various lengths of aging period showed that the oxidized layer thickness did not excess 200 μm, whereas the concentration of oxidation products increased continuously in the affected layer [17] . The average depths of matrix shrinkage in specimens held for 400 and 600 h at 150°C in air were close (~1.5 μm), but they were smaller than those in samples submitted to 500 thermal cycles (2.2 μm) [18] . The results obtained in ultramicro indentation tests on epoxy resin, after 100, 600, and 1000 h of isothermal aging at 150°C, showed that the relationship between the elastic modulus and the concentration of oxidation products could be described by the empirical formula [17]
where Y m is the elastic modulus of epoxy matrix in MPa and Q is the concentration of oxidation products in mol/L. It must be underlined here that relationship (1) is not rigorously based on theoretical concepts. It has been obtained by fitting a combination of experimental and theoretical results and is valid for the temperature considered (150°C). The evolution of Young's modulus of the matrix during the thermal oxidation process is displayed in Fig. 1 . The matrix is considered as an isotropic material. Because of the lack of available information on the evolution of its Poisson's ratio n m during the process of thermal oxidation, it is assumed constant and equal to 0.35, but the shear modulus is found from the classical relation The thermally oxidized matrix is up to 1.38 times stiffer than the unaffected one; therefore, three main consequences of thermal oxidation of composites can be expected: a variation in (i) the effective macroscopic properties of composite plies, (ii) the profiles of macroscopic stress in the structure, and (iii) the localization of macroscopic mechanical stress and strain
